Abstract Reporting key details of respondent-driven sampling (RDS) survey implementation and analysis is essential for assessing the quality of RDS surveys. RDS is both a recruitment and analytic method and, as such, it is important to adequately describe both aspects in publications. We extracted data from peer-reviewed literature published through September, 2013 that reported collected biological specimens using RDS. We identified 151 eligible peer-reviewed articles describing 222 surveys conducted in seven regions throughout the world. Most published surveys reported basic implementation information such as survey city, country, year, population sampled, interview method, and final sample size. However, many surveys did not report essential methodological and analytical information for assessing RDS survey quality, including number of recruitment sites, seeds at start and end, maximum number of waves, and whether data were adjusted for network size. Understanding the quality of data collection and analysis in RDS is useful for effectively planning public health service delivery and funding priorities.
Introduction
The first respondent-driven sampling (RDS) surveys to assess HIV prevalence in addition to risk behaviors were conducted in 2004 [1] [2] [3] . Since then hundreds of surveys have been conducted worldwide to capture data from populations considered at higher risk for HIV exposure, including people who use and/or inject drugs (PWUD, PWID), men who have sex with men (MSM), female sex workers (FSW), and other populations considered ''hard-to-reach'' due to stigma and the practice of illegal behaviors [4] [5] [6] . Over the past decade RDS has been widely used, with the endorsement of organizations such as the US Centers for Disease Control and Prevention, UNAIDS, WHO, Global Fund and others, to establish baseline and trend measurements of HIV and other infections prevalence, risk behaviors, and program impact through biological and behavioral surveys [6] [7] [8] [9] .
RDS is an important recruitment and analysis tools for sampling populations that have no sampling frames and that are linked through social networks. Beginning with a set number of participants, ''seeds'', selected purposefully by the research team from the target population, RDS builds a sample through the passing of a coupon from one peer to another. Using a limited number of coupons for each participant limits overrepresentation of those with a higher number of ties to others in the population network. Coupons also limit participants having to provide personal information about their recruits and allows researchers to monitor the recruitment process. Providing 'incentives' for those participating in and for recruiting peers into the survey helps ensure ongoing participation and recruitment. Ideally, this process results in long recruitment chains made up of numerous ''waves'' of recruits [10, 11] . As recruitment chains lengthen, the structure of the sample becomes less dependent on the purposefully selected seeds and increasingly similar to the population being sampled. Once the sample is gathered, statistical adjustments for differential network sizes and recruitment effort are used to produce estimates representative of the sampled population's network [10] [11] [12] [13] [14] . RDS is premised upon several assumptions, most importantly, random walk models [10] . Briefly, these assumptions include (1) reciprocal ties between respondents (i.e., know one another as members of the sampled population); (2) respondents are connected by a single network component; (3) sampling occurs with replacement; (4) respondents provide accurate personal network sizes (i.e., number of relatives, friends, and acquaintances they know from the sampled population); (5) peers are recruited randomly from the recruiter's network; and, (6) each respondent can recruit at least one peer [11] .
Methodologically appropriate RDS surveys are vital for developing national and international policies, guiding service delivery, informing budgets and dictating funding priorities. Quality reporting of data collected and analyzed using RDS methods allows users to assess their usefulness in decision making. However, there is ample potential for bias when using this method, many of which are related to implementation and analytical failures [15] [16] [17] [18] [19] [20] . The allure of RDS as a more robust alternative to convenience snowball sampling methods has resulted in partial incorporation of RDS techniques (i.e., the use of coupons) while ignoring some of the more complex aspects which ensure the mitigation of chain referral-related biases [13] . Indeed, numerous published surveys report having used RDS, but present insufficient methodological and analytical information to support this assertion [21] .
Building upon the STROBE RDS guidelines [22] which recommend improvements in the reporting of survey data, we extracted peer-reviewed literature that reported using RDS for collecting biological (HIV and other infections) and behavioral data through September, 2013. Specifically, we evaluate a set of general and RDS-specific survey indicators based on the STROBE RDS guidelines [21, 22] to describe the extent, consistency, and changes over time for planning, implementation, and analysis as reported in peer reviewed journals. In addition, we provide reasons why some published surveys were not included in the extraction and examples of surveys that reported using RDS when, in fact, they did not. We hope to build upon other efforts to increase accuracy in conducting RDS and to encourage more thorough and standardized reporting of RDS methods and analysis [4, 22] (Table 1) .
Methods Literature Search
We examined peer-reviewed literature published in physical or on-line journals that reported using RDS and were either accessible through September, 2013, or were identified from a previously conducted search [22] . Searches were conducted using MEDLINE (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) , EMBASE (1997 EMBASE ( -2013 , and Global Health (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) . Search terms included ''respondent driven'', ''respondent-driven'' or ''RDS''. The original extraction included surveys in any country, in any language, and among any survey population that reported using RDS (n = 4562). Articles excluded in the initial extraction were those that were duplicates (n = 2360), irrelevant (e.g., protocols, presentations, flyers, etc.; n = 1716) and either reviews, opinion pieces, editorials, commentaries and papers strictly addressing RDS methodology (n = 44, i.e., those not intending to report population based estimates). This resulted in a total of 442 articles and abstracts. We further refined our search by eliminating abstracts (n = 58) and publications that were either duplicated (n = 3), non-English (n = 40), without biological data (n = 167), or claimed to, but did not, use RDS (n = 23). When there were a number of publications for a single survey, all related publications were reviewed to update the extraction sheet. This resulted in 151 articles representing 222 surveys (Fig. 1) .
Categorizing Documents and Extraction
We selected and extracted key data from 151 journal articles and entered them into a master table in Excel Ò into rows specific to the survey(s) described. Journal data entered into the table were organized into seven sub-tables based on WHO categorizations of regions: Africa, Eastern Mediterranean (EM), Europe, Latin America and the Caribbean (LAC), North America, South-East Asia (SEA), and Western Pacific. We extracted information considered essential for assessing RDS-specific survey quality as reported in Malekinejad et al. [4] , Montalegre et al. [5] and White et al. [21, 22] . The indicators reviewed included those informing survey design and implementation and analysis. Indicators informing survey design and implementation are the survey year, eligibility criteria, specimen type collected for biological testing, whether presurvey research was conducted, number of recruitment sites, interview method, number of seeds at the start and end (and whether seeds were added or failed during data collection) of the survey, amount or type of primary and secondary incentives (USD), calculated target and final sample size, design effect used for sample size calculation, maximum number of waves, duration of data collection (in Table 1 Methodological and analytical data from extraction of published articles Location of study, citation weeks), and maximum number of coupons distributed to each recruiter. Indicators informing analysis are whether equilibrium or convergence was assessed, whether data were adjusted for network size, software used, and the citation and estimator used for adjustment. The rationale for selecting these indicators, including their usefulness in any survey versus specifically for RDS surveys, are provided in Table 2 .
Analysis
Frequencies were used to characterize the surveys and their contents. We conducted robust and logistic regressions of survey start year and pre-survey research, eligibility age, number of seeds at the start and end of survey, survey duration, final sample size, estimated design effect, length of longest recruitment chain, and adjustment of RDS to assess linear trends in the value (and for reporting having conducted pre-survey research or adjusted RDS data) of these indicators over time. Design effects were calculated for surveys that presented a point estimate for HIV prevalence, 95 % confidence intervals and the final sample size. The calculation for design effects consisted of dividing the widths of the confidence interval by two, dividing again by 1.96 (the standard normal value corresponding to a central area of 95 %), and squaring the final number. Adjusted is when at least one of the published articles analyzed frequency data using either the reciprocity model based estimator (RDS I) (Salganik and Heckathorn [13] ), dual component estimator (RDSI DC) (Heckathorn [12] ), probability-based estimator (RDSII) (Volz and Heckathorn, [14] ) or successive sampling estimator (Gile [11] ). In the cases data were reported as ''weighted'' but neither cited an appropriate reference nor an appropriate software (RDSAT, RDS Analyst and in some cases 
Results
The identified published articles of RDS surveys were conducted in the following WHO regions: 21 from Africa (28 surveys), 12 from EM (11 surveys), 30 from Europe (44 surveys), 17 from LAC (37 surveys), 41 from North America (45 surveys), 12 from SEA (32 surveys), and 18 from the Western Pacific (25 surveys). Extracted surveys included 85 among PWID, 78 among MSM and 38 among FSW. Surveys of other groups included people who use and/or inject drugs (n = 2), male sex workers (n = 3), high-risk heterosexuals (n = 7), transgender (n = 2), and youth (n = 3). The remaining surveys were of mixed groups such as youth PWID (n = 2), people who use and/ or inject drugs together (n = 1) and MSM who use and/or inject drugs (n = 1).
Assessing Reports of Survey Quality
Survey data extracted from published articles included in this review were used to assess whether RDS recruitment and analysis were conducted, but the details provided for these surveys varied across articles. For instance, all published surveys reported basic implementation information such as the city, country and the population sampled, and 99 % reported the survey year (Table 2 ). Over 90 % of surveys reported the interview technique (e.g., face-to-face questionnaire, computer-assisted self-interviews, etc.) (94 %), final sample size (95 %) and at least the behavioral component of the eligibility criteria (97 %). Eighty-four percent reported the primary and 80 % reported the secondary incentive amounts or types, and 73 % reported the maximum number of coupons given to each recruiter. Table 1 Sixty-three percent reported the data collection duration, 40 % reported whether pre-survey research was conducted, 43 % reported the number of recruitment sites used and the maximum number of waves, 40 % reported the target sample size, 22 % reported the design effect used for calculating the sample size. For those surveys that presented both calculated and final sample sizes (n = 77, 35 %), the median percentage difference was 1.0 (range 0.2-1.6).
There was no significant difference in this measure over time by population or among all populations combined. Seventy percent reported whether data were adjusted for network size, 73 % reported the type of software used to adjust data (74 % of which used RDS Analysis Tool [RDSAT]) and 26 % cited the statistical adjustment, among which 47 % cited Salganik and Heckathorn [12] , 32 % cited Heckathorn [10] and/or 2002, 17 % Heckathorn [11] , 12 % Volz and Heckathorn [13] and 7 % Gile [14, 154] . Only 20 % of surveys reported whether equilibrium or convergence was assessed and 4 % reported which estimator was used for their statistical adjustment. Thirtyone surveys (14 %) specifically reported discarding seeds from their analysis.
Design Effects for HIV
Of the 222 publications reviewed, 185 reported HIV prevalence point estimates above 0, 136 included 95 % confidence bounds, and 210 reported final sample sizes. Ninety-five surveys (42.7 %) included all three elements to enable calculation of the estimated design effect for HIV prevalence. Four (4.2 %) had a design effect less than 1.0, 28 (29.5 %) had a design effect of 1.0, 46 (48.4 %) had a design effect of 2. The remaining design effects were as high as 5.9, indicating that a larger sample size was needed to estimate HIV prevalence.
Assessing Changes over Time
In assessing changes over time (Table 3) , we found significant decreases in values for eligibility age, final number of seeds, and final sample size (p \ 0.01, for all) and significant increases in the reporting of pre-survey research and values of design effects to calculate the target sample size (p \ 0.01). There were no significant changes in values for survey duration even when adjusting for target population and final sample sizes. Nor were there significant changes by year for survey duration, length of longest recruitment chain and reporting of having adjusted RDS data.
Discussion
Reporting on details of survey design, implementation, and analysis is essential for assessing the quality of RDS surveys and findings. It is important to adequately describe both the methodological and analytical aspects of RDS in any publication. The majority of surveys reported the most essential information such as survey city, country, year, population sampled, interview method, and final sample size. Given that all surveys reported collecting biological specimens, it is surprising that 13 % did not provide information about specimen collection and testing methods. Gaps in reporting RDS methodological and analytical information made it difficult to assess survey quality and the strength of results. RDS does not work in all situations and challenges in meeting assumptions should be described. For instance, only 43 % of surveys reported the maximum number of waves and 20 % reported assessment of equilibrium or convergence, information needed to assess potential biases. Among those surveys reporting their maximum number of waves, some reported having only a maximum of three waves, indicating that the survey results were likely biased by the non-randomly selected seeds.
Pre-survey research has become increasingly cited as being essential to conducting RDS surveys [7, 15, 22, 155] , and more publications over time were found to provide information about having conducted some pre-survey research. Because RDS samples a social network, pre- survey research is imperative to understand the underlying network structure of the sampled population. If the sampled network is fragmented or has isolated sub-groups, the chances of sampling more than one network are higher, possibly resulting in unstable estimates [15] . Furthermore, pre-survey research data can help investigators plan survey logistics (i.e., types and number of seeds) and encourage participation by learning about which survey procedures are most acceptable to the target population [7] . We recommend that all surveys using RDS conduct pre-survey research to evaluate social networks, as well as to assess the feasibility of using RDS in a particular population. Although 70 % of surveys reported whether data were adjusted for network size and 73 % reported the software used to adjust those data, few cited the adjustment procedure and even fewer reported the estimator used. There are currently at least five different estimators for adjusting RDS data [156] . Given that many of the reviewed articles were written before the existence of some estimators, it is understandable that earlier publications did not cite the estimator used for analysis. Forthcoming publications should cite the estimator since knowing this information will allow readers to know how adjustments were made, if they were made properly, and the assumptions supporting those adjustments.
Several publications reported discarding seeds from analysis. While it has been written that ''seeds are eliminated from analysis'' [13, 153] , this is not to say that seeds should be manually eliminated from a dataset. The RDS-I and RDS-II estimators [11] [12] [13] 153 ] use a matrix of recruits and recruiters whereby data from the recruits are necessary for calculating inclusion probabilities used to derive final estimates. Even though the seeds do not technically show up in the probability matrix since they were never recruited by their peers, their data are nonetheless necessary for establishing the placement of the seeds' recruits in the matrix. We recommend that seeds remain in the dataset during all analyses and that the final reported sample includes the seeds.
We found an increase over time in surveys reporting design effects, an element in the sample size calculations to account for RDS not being a simple random sample. Although recent publications have found that design effects of 3 or 4 would be optimal, in most situations, a design effect of 2 is often recommended [16, 151, 152] . Because operational constraints, such as limited financial resources, often preclude large sample sizes for some RDS surveys, using a design effect greater than 2 may result in unfeasibly large sample sizes. Post-hoc design effects on key variables can help determine if sample sizes were large enough for the analysis and inform sample size calculations for followup surveys of the same population. As such it is useful for publications to include point estimates, 95 % confidence intervals and final sample sizes to allow for the post hoc estimation of design effects.
Equilibrium or convergence was reported in only 20 % of the articles reviewed. Equilibrium, the term most often used when referring to RDS surveys, measures the progression of waves to determine when the proportion for a characteristic approaches and remains stable in relation to the final sample statistic [10] . Convergence, a more sensitive measurement, measures the progression of enrolling subjects to determine when the proportion for a characteristic approaches and remains stable in relation to the adjusted estimate [15] . Nevertheless, the assessment of either equilibrium or convergence is useful for determining seed dependence, a typical bias found in chain referral sampling methods, and should be reported for publications reporting population estimates from RDS surveys [22] .
While most surveys reported a minimum eligibility age of 18 years (n = 150), we found the minimum age decreased over time. Collecting HIV and other biological and behavioral data from younger key populations is important given they are disproportionately affected by HIV worldwide and are comprising a high percentage of new HIV infections [9, 157] .
Our review has limitations. As in any systematic review, we are restricted by the completeness of our publication search and whether investigators published their surveys in peer-reviewed journals. Furthermore, we only included surveys that collected biological data leaving room for further evaluation of those surveys that reported using RDS and did not collect biological data. The number of peerreviewed articles of RDS surveys is far fewer than the actual number of surveys conducted. Key data were missing from articles, an important finding in itself which supports the need to uniformly report results from RDS surveys, which limited the scope of our analyses and introduced uncertainty into some of our other findings [22] . We excluded articles clearly stating they either used RDS 'recruitment' only or did not fulfill necessary features of the method; however, we may have included some surveys that did not incorporate all RDS methodological and analytical features, given their incomplete reporting. In those instances, we classified the surveys as using RDS and included them in the extraction. Several of the 23 articles claiming to use RDS, but did not, reported using a 'modified' or 'mixed methods' RDS. However, they did not provide conclusive evidence such as the collection and use of personal network size data, recruitment ties (who recruited whom), coupon quotas, and multiple recruitment waves. In several extracted publications, significant limitations were reported, including unprepared staff, numerous ineligible persons trying to participate, closing or moving survey sites during data collection, overly high (possible indication of enrollment of ineligible participants) or low incentives, overcrowding at the interview site, failure to recruit important population subgroups (i.e., females in PWID surveys, older MSM), incorrect or no social network question, and early survey termination due to finances or community disturbances [3, 34, 41, 55, 86, 127, 158] . Presenting key limitations is useful for interpreting findings and should be included in all publications presenting data from RDS surveys.
The majority of published surveys were from North American and Europe; it would be useful to see more publications of RDS survey results from other regions. Not only could experiences from these different settings help researchers improve survey methods and analysis, but the results themselves could help policy makers, donors, and service providers to improve responses to HIV and other infection risk. Future publications of biological and behavioral surveys using RDS should provide a minimum set of parameters in order for readers to assess specific methodological, analytical and testing procedures, and to make determinations of the overall quality of these surveys.
